Hyperspectral imaging provides quantitative remote sensing of ocean colour by the high spectral resolution of the water features. The HICO ™ (Hyperspectral Imager for the Coastal Ocean) is suitable for coastal studies and monitoring. The accurate retrieval of hyperspectral waterleaving reflectance from HICO ™ data is still a challenge. The aim of this work is to retrieve the water-leaving reflectance from HICO ™ data with a physically based algorithm, using the local microphysical properties of the aerosol in order to overcome the limitations of the standard aerosol types commonly used in atmospheric correction processing. The water-leaving reflectance was obtained using the HICO@CRI (HICO ATmospherically Corrected Reflectance Imagery) atmospheric correction algorithm by adapting the vector version of the Second Simulation of a Satellite Signal in the Solar Spectrum (6SV) radiative transfer code. The HICO@CRI algorithm was applied on to six HICO ™ images acquired in the northern Mediterranean basin, using the microphysical properties measured by the Acqua Alta Oceanographic Tower (AAOT) AERONET site. The HICO@CRI results obtained with AERONET products were validated with in situ measurements showing an accuracy expressed by r 2 = 0.98. Additional runs of HICO@CRI on the six images were performed using maritime, continental and urban standard aerosol types to perform the accuracy assessment when standard aerosol types implemented in 6SV are used. The results highlight that the microphysical properties of the aerosol improve the accuracy of the atmospheric correction compared to standard aerosol types. The normalized root mean square (NRMSE) and the similar spectral value (SSV) of the water-leaving reflectance show reduced accuracy in atmospheric correction results when there is an increase in aerosol loading. This is mainly when the standard aerosol type used is characterized with different optical properties compared to the local aerosol. The results suggest that if a water quality analysis is needed the microphysical properties of the aerosol need to be taken into consideration in the atmospheric correction of hyperspectral data over coastal environments, because aerosols influence the accuracy of the retrieved water-leaving reflectance.
Introduction
Hyperspectral imaging is well suited to investigating water quality in coastal environments where a local scale is required in the case of optically complex coastal waters (Amin et al., 2014; Gitelson et al., 2011; Gao et al., 2009) . For these applications, the water-leaving reflectance has to be obtained by accurate atmospheric modelling because only 10 % of the total radiance received by sensor come from the water target (Antoine and Morel, 1999) .
In this context, many authors (IOCCG, 2010; Gao et al., 2000) demonstrated the crucial role of the aerosol in atmospheric radiative transfer modelling and, consequently, on the accuracy of the results of mainly large-scale atmospheric correction of multi-and hyperspectral remote sensing data.
A series of physically based algorithms to retrieve aerosol properties and water-leaving reflectance from remote sensing images have been developed, using MODIS Gordon and Wang, 1994) , SeaWIFS (Gordon and Wang, 1994) and MERIS (Antoine and Morel, 1999) . Retrieving the water-leaving reflectance involves the removal of the sea surface contribution due to sun, view geometry and wind speed (McClain, 2009; Gentili, 1996, 1991; Gordon and Wang, 1992) in addition to removing the atmospheric contribution from the total sensor signal.
IOCCG (2010) provides a detailed description of the algorithms for atmospheric correction over water. The described atmospheric correction algorithms perform well in clear ocean waters, whereas they can induce errors if applied in turbid waters (Mélin et al., 2007; Zibordi et al., 2006) . Significant errors were also obtained when software dedicated to the atmospheric correction of hyperspectral data (i.e. ATREM) was applied to coastal water (Amin et al., 2014; Gitelson et al., 2011) .
Regarding the aerosol type during the atmospheric correction of remote sensing data, Gordon and Wang (1994) highlighted that standard aerosol types are a simplification of the actual microphysical properties of the aerosol at the acquisition time. To overcome this limitation, a new set of aerosol models has been introduced to improve the description of aerosol properties in the coastal environment (Ahmad et al., 2010) . Zibordi et al. (2009a) proved the effects of a limited number of aerosol types on the ocean colour primary products in this coastal region, confirming that the local aerosol, described by specific microphysical properties, might not be represented by standard aerosol types in coastal environments.
The focus of this work is to analyze the impact of the microphysical properties of the aerosol on the results of the atmospheric correction of the HICO ™ (Hyperspectral Imager for the Coastal Ocean) data. These data are characterized by higher spatial and spectral resolution compared to the multispectral sensors commonly used for coastal environment analysis in the northern Adriatic Sea (Jamet et al., 2011; Mélin et al., 2007) . This paper is organized as follow. Section 2 describes the site and Sect. 3 reports the data used in the analysis. The new algorithm, HICO@CRI (HICO ™ ATmospherically Corrected Reflectance Imagery), developed to perform the atmospheric correction of HICO ™ data is explained in Sect. 4. The HICO@CRI is based on the vector version of the Second Simulation of a Satellite Signal in the Solar spectrum (6SV) atmospheric radiative transfer code , which is the improved open-source code of the 6S (Vermote et al., 1997b) . The water-leaving reflectance was obtained by running the HICO@CRI algorithm with the microphysical properties of the aerosol provided by the Acqua Alta Oceanographic Tower (AAOT) station of the AERONET network (Holben et al., 1998) . Section 5.1 reports the validation of the results of HICO@CRI with in situ measurements acquired during oceanographic campaigns carried out at the HICO ™ overpass. In Sect. 5.2, additional runs were performed with maritime, continental, and urban aerosol standard types provided by default by 6SV. Results from the first run enabled a reference to be built, against which the output obtained by running HICO@CRI with the three 6SV standard aerosol types could be compared. The NRMSE (normalized root mean square) and the similar spectral value (SSV) were used to assess the accuracy of water-leaving reflectance retrieved by atmospheric correction of hyperspectral data in coastal water when aerosol standard types are used instead of locally observed aerosol.
Site
The northern Adriatic Sea is the north-easternmost of the Mediterranean Sea (Fig. 1 ). It is a shallow basin with bottom depths not exceeding 100 m. Its oceanographic conditions are strongly influenced by the dominant winds: the Bora, a northeasterly cold and dry wind and the southeasterly humid Sirocco. The discharge of several Italians rivers (Po, Adige, Piave, etc.) is also important both in terms of buoyancy and nutrients input.
The Acqua Alta Oceanographic Tower (AAOT), shown in Fig. 1 , is located in the north of the Adriatic Sea, 15 km off the Venice lagoon (12.51 • E, 45.31 • N). The AAOT is used to continuously collect atmosphere (wind speed and direction, air temperature, air humidity, barometric pressure, and incident solar radiation), water (in situ temperature, salinity, and sea surface height), and wave parameters. The AAOT is an automated station of the AERONET network (Holben et al., 1998) equipped with the CIMEL sun-sky radiometer instrument. Besides atmospheric acquisitions, the CIMEL at AAOT also performs ocean color measurements for the AERONET-OC network (Zibordi et al., 2009b) .
The time series collected at the AAOT site seems an excellent indicator of the aerosol type over the north Adriatic Sea as well as over the northern part of the Mediterranean basin, as indicated by Mélin et al. (2006) . The associated aerosol type clearly reflects dominating continental and anthropogenic influences for these regions Zibordi et al., 2006) . However, the presence of maritime aerosol was also taken into account since it is located in the Mediterranean Sea.
Data
The remotely sensed data used in this study were acquired using two passive remote sensing instruments operating in the visible spectral domain. The atmospheric data were obtained from the in situ automatic tracking sun-sky radiometer CIMEL CE-318 of the AAOT station (Smirnov et al., 2011 ; Figure 1 . The study area with the location of the Acqua Alta Oceanographic Tower (AAOT) and portion of Adriatic Sea imaged by HICO ™ . Mélin et al., 2006; Holben et al., 1998) , while image data came from the HICO ™ hyperspectral sensor (Lucke et al., 2011) .
The CIMEL CE-318 provides the optical thickness of the aerosol at the nominal wavelengths (440, 500, 670, 870, 940, 1020 nm) , the columnar content of water vapour, wvcc, and ozone, occ, by measuring the direct component of the solar irradiance. From the measurements of the diffuse component on four bands (442, 668, 870, 1020 nm) of the sky radiance at specific angles, the AERONET inversion products (i.e. aerosol microphysical and optical properties) are retrieved.
The atmospheric data have three quality levels: level 1.0 (unscreened), level 1.5 (cloud-screened), and level 2.0 (cloud-screened and quality-assured). Level 2.0 of atmospheric properties is used for atmospheric correction, and level 1.5 has been largely used for remote sensing applications, the microphysical properties often being limited to level 1.5.
The HICO ™ sensor, (Lucke et al., 2011) , is the first spaceborne hyperspectral sensor dedicated to coastal and inland monitoring and ocean characterization. The sensor is composed of 87 contiguous channels in the spectral domain 400-900 nm with the full width at half maximum (FWHM) of about 10 nm. The ground swath is about 43.5 km with a pixel size of 87 m at nadir acquisition. The vicarious calibration techniques used operationally to convert HICO digital numbers (DNs) to radiometrically calibrated radiances are described in Gao et al. (2012) . The signal-to-noise ratio (SNR) is > 200 : 1 over 400-600 nm as reported in Lucke et al. (2011) . Table 1 shows the six HICO ™ images with corresponding AERONET direct products provided by AAOT station, the τ 550 , wvcc, and occ. The Ångström coefficient is also reported for the qualitative evaluation of the aerosol size from the measurements of direct solar irradiance. Figure 2 shows the microphysical properties, size distribution, and the real and imaginary part of the refractive index retrieved from the diffuse measurements of solar radiance using the CIMEL CE-318 (AERONET inversion products provided by AAOT station). In Fig. 2a , the bimodal distribution of the aerosol size is in agreement with the results reported in Mélin et al. (2006) , except for 25 April 2013 where the coarse mode prevails in the volume size distribution. The size distribution on 4 May 2011 presents a tri-modal size distribution, observed for low aerosol loading in the site . The Fig. 2b and c show the real and imaginary parts of the refractive index, respectively. The spectral values of the imaginary part reveal a non-negligible absorption of aerosol in the coastal area during data acquisition, especially on 11 January 2012, while observations on 4 May 2011 underlines the presence of non-absorbing particles in the atmosphere. The microphysical properties, size distribution and refractive index, mean that we can get a detailed evaluation of the aerosols' radiative impact on the atmospheric correction of hyperspectral HICO ™ data. This is achieved by a more accurate modelling of the spectral behaviour of the local optical properties compared to the aerosol standard types. The aerosol optical properties required for radiative modelling and used for the atmospheric correction, were derived from these microphysical properties ( Fig. 2 ) using the subroutines MIE and AEROSOL included in the 6SV source code . The 6SV standard aerosol types (cf. Sect. 2) are defined according to a combination of four basic components: sea-salt, water-soluble, soot and dust-like (Lenoble, 1985; d'Almeida et al., 1991; Vermote et al., 2006) . Table 2 shows the volumetric percentage of the basic components for the three aerosol types. Figure 3 shows the single-scattering albedo (left) and the asymmetry parameter (right) of the three 6SV standard aerosol types and the measurement days. In Fig. 3 the continuous lines represent the optical properties simulated by the MIE and AEROSOL subroutines of 6SV, while the dots indicate the corresponding values obtained by the CIMEL measurements. Simulated and measured data are indicated with the same color for each day (cf. Table 1) . Figure 3 clearly shows that the AAOT single-scattering albedo is similar to continental and maritime types, while the AAOT asymmetry parameter is more similar to the urban and continental types. From these optical properties, the local aerosol seems more similar to the continental aerosol than maritime and urban types. In addition to AERONET data, other atmosphere and water parameters were measured at AAOT. Wind speed and direction, recorded with a VT0705B SIAP anemometer at a height of 15 m above mean sea level, were used to simulate the wind-induced water surface roughness at the time of imagery acquisitions.
In addition, two oceanographic cruises coordinated by the National Research Council of Italy (CNR), on board the URANIA vessel were undertaken in the study area in the second week of May 2012 and the last week of April 2013. The aim was to gather data for the calibration of a biooptical model and the assessment of the HICO ™ -derived products, including water reflectance and water-quality parameters. The sampling stations (18 for 2012, 37 for 2013) included varied water types: from blue waters in the Gulf of Trieste (north-eastern Adriatic Sea) to very turbid waters at the mouths of the river deltas of the northern Adriatic Sea. The water-leaving reflectance (ρ w ) values were measured with a WISP-3 spectroradiometer (Hommersom et al., 2012) in the optical range of 380-800 nm with a spectral resolution of 1 nm. In addition two RAMSES (TriOS GmbH, Germany) sensors, RAMSES ARC VIS and RAMSES ACC VIS, measured hyperspectral radiance and irradiance, respectively, both covering a wavelength range from 320 to 950 nm with one sample every 3.3 nm. A detailed description of the sampling protocols and instruments are described in Braga et al. (2013) where the location of the sites and the number of observations for each site are also provided.
Methods
The methodology applied in this work is based on an analysis of the contribution of aerosol microphysical properties on the accuracy of water-leaving reflectance, whose assessment is closely related to the retrieval of water quality parameters (Chlorophyll, Total Suspended Matter and Colored Dissolved Organic Matter), Giardino et al., 2010; Guanter et al., 2010; Brando and Dekker, 2003) .
The physically based algorithm, HICO@CRI, was developed for the atmospheric correction of the HICO ™ image. The algorithm relies on the 6SV code, last version of the 6S radiative transfer code, (Vermote et al., 1997b) and was implemented in the open source GDL programming language (Coulais et al., 2009; Arabas et al., 2010) , following Bassani et al. (2010) .
Starting from the at-sensor radiance, L v , the equation presented in Vermote et al. (1997b) ; Vermote and Kotchenova (2008) was used under the assumption of water surface (Gao et al., 2000) , for a given set of geometrical conditions according to Kotchenova and Vermote (2007) . The 6SV code is thus able to simulate the crucial contributions for atmospheric correction over water, which are specular reflection, foam contribution and sun glint if present on the image . Besides, the multiple scattering is widely identified as fundamental issue for atmospheric correction over water (IOCCG, 2010) and the 6SV provides an accurate computation of the multiple scattering contribution taking into account the effects of the aerosol types on the atmospheric radiative transfer (Vermote et al., 1997b; Kotchenova et al., 2006) .
The equation solved for water-leaving radiance in reflectance units, or simply water-leaving reflectance, (Gao et al., 2000) for each HICO ™ channel, ρ w , is the following:
where ρ * obs = π L v /µ s E s is the sensor reflectance expressed by the TOA (top of atmosphere) solar irradiance, E s , and by the cosine of the solar zenith angle, µ s = cos(θ s ). The other variables of Eq. (1), T g , ρ * atm+sfc , t S , S, t d,u , are radiative quantities simulated with a spectral sampling of 2.5 nm covering the domain from 400 to 900 nm using the 6SV code. T g is the gas transmittance; ρ * atm+sfc is composed by the atmospheric reflectance, called path radiance, by the roughened sea surface and by the whitecap; S is the atmospheric spherical albedo, (Kokhanovsky, 2008) ; and t d,u are the downward and upward components of the total atmospheric transmittance (Vermote et al., 1997a, b) .
The HICO@CRI algorithm computes the convolution of the radiative quantities, simulated with 2.5 nm spectral sampling, on the spectral response of the HICO ™ sensor which is assumed to be assumed gaussian with the central wavelength and the FWHM provided in the header file of the image (i.e. 10 nm for the first 60 channels from 404 to 742 and 20 nm for the remaining 27 between 748 and 897 nm). The procedure is described in Bassani et al. (2010) .
The atmospheric correction algorithms developed for the remote retrieval of ocean properties are usually based on the assumption of a negligible physical contribution of the target environment (IOCCG, 2010) . The water near the coast instead could be influenced by the land surface characterized with high spectral albedo (Zibordi et al., 2009a) . Thus using HICO@CRI, the water-leaving reflectance, ρ w , is retrieved, removing the effect of the neighbouring pixels on the pixel viewed by the sensor, using the empirical formula employed in atmospheric correction algorithms (Bassani et al., 2012 (Bassani et al., , 2010 Vermote et al., 1997b) 
where t dir u and t dif u are the direct and diffuse components of the upward transmittance. In Eq. (2) < ρ w > is the mean of the pixels adjacent to the viewed pixel covering the swath of the HICO ™ sensor, which is approximately 30 km 2 .
The geolocated and geometric inputs required for HICO@CRI runs are loaded in the HICO@CRI algorithm from a file supplied with each HICO ™ image, where the following data are contained: longitude (degrees), latitude (degrees), the viewing zenith (VZA) and azimuth (VAA) angles, and the solar zenith (SZA) and azimuth (SAA) angles, referring to each pixel of the image. These values permit to simulate the radiative quantities for each pixel by avoiding errors in calculating the geometrical configuration of the acquisition.
Concerning the atmospheric input, the HICO@CRI algorithm loads aerosol and gas parameters. Evaluation of the impact of the size distribution and refractive index of the aerosol on the results of the atmospheric correction over coastal areas needs an accurate aerosol loading, by the τ 550 , and the columnar content of the gas with the absorption bands falling into sensor channels. At present, the gas parameters considered are the columnar content of water vapour, wvcc, and ozone, occ. The known and constrained properties related to the gas and to the aerosol loading guarantee that variability in the atmospheric correction results is only due to the microphysical properties of the aerosol. As regards the aerosol type, AERONET inversion products (i.e. the microphysical properties of the aerosol) or standard aerosol types (i.e. percentage of the basic components) can be introduced into the algorithm. The microphysical properties, downloaded from the AAOT station and used as input in the HICO@CRI, are the size distribution and the refractive index (cf. Fig. 2 ). Otherwise, in the developed algorithm, aerosol types can be introduced from the 6SV default types defined by the optical properties , described in Sect. 3.
Results
The HICO ™ images, reported in Table 1 , were processed by applying the HICO@CRI algorithm. The geolocated and geometric inputs were taken from the ancillary data. The atmospheric inputs (τ 550 , wvcc, and occ) were constrained by the AERONET products, while the parameters defining the type of aerosol were varied. In the first step, the the HICO@CRI algorithm results obtained considering the local microphysical properties of the aerosol as provided by the AAOT site at the HICO ™ acquisition time were validated using in situ data. In the second step, the influence of the aerosol on the accuracy of the results of the atmospheric correction Table 1 ). HICO ™ ρ w (λ) was corrected with HICO@CRI using AERONET inversion products. The coloured symbols indicate the ρ w (λ) at the HICO ™ channels in the 400-800 nm spectral range. The black symbols indicate the ρ w (λ) at the six wavelengths used for ocean colour studies. The black line represents the 1 : 1 line.
was performed comparing the water-leaving reflectance obtained considering optical properties of the three 6SV standard aerosol types (continental, maritime, and urban) and the reflectance obtained considering locally observed aerosol.
Validation of HICO@CRI algorithm
The water-leaving reflectance obtained from HICO ™ images (12 May 2012 and 25 April 2013, Table 1 ), using HICO@CRI with AAOT aerosol inversion products, size distribution, and refractive index, were validated using in situ data. A time difference of 2 h between the satellite overpass and the in situ measurement reduced the number of matchup pairs. However this ensures that in situ measurements and HICO-derived ρ w actually correspond, particularly considering the high spatial and temporal variability of coastal waters (Goyens et al., 2013) . For each match-up pair, the ρ w in situ measurement was resampled to HICO ™ wavelengths and the median of the HICO ™ -derived ρ w (λ) was calculated over a 3 by 3 pixel window around the station (Goyens et al., 2013; Jamet et al., 2011) . Figure 4 shows the water-leaving reflectance obtained from HICO@CRI versus the in situ measurements overall the atmospheric window of the HICO ™ spectral domain highlighting the wavelengths with black symbols used for ocean colour studies (Zibordi et al., 2009b) . The high correlation index for the match-up sets (r 2 = 0.98) ensures a high accuracy of the water-leaving reflectance obtained from the atmospheric correction with the actual microphysical properties (size distribution and refractive index) of the aerosol. The regression parameters show similar values in the three stations with a slope close to the unit and the intercept negligible respect the values of water-leaving reflectance. Consequently, HICO@CRI with locally observed aerosol provides an accurate water-leaving reflectance across numerous discrete narrow bands. This thus forms a contiguous spectrum that permits the detection and identification of key biophysical properties of the water column and bottom capturing fine spectral absorption features not possible with multispectral sensors (Gitelson et al., 2011) .
Standard aerosol types in HICO@CRI
The accuracy assessment of the water-leaving reflectance retrieved by HICO@CRI with standard aerosol types was performed with respect to the water-leaving reflectance retrieved by the local microphysical properties of the aerosol as measured by the AAOT site.
Three regions of interest (ROIs) were selected on the basis of the variability and representativity of the water surface relative to each HICO ™ image (cf. Table 1 ). The difference between the radiance recorded by the sensor channels in correspondence of the channels close to the maximum, 553.0 nm, and the minimum, 684.8 nm, of the solar radiation was used. The radiance measured by the sensor was considered to classify the water surface separately from the atmospheric correction procedure. Figure 5 shows the ROIs, containing 2500 pixels, chosen for each HICO ™ image used in this study. The red ROI (ROIrL) is representative of water with low luminosity in the image, the blue and green ROIs represent water with medium (ROIbM), and high (ROIgH) luminosity, respectively. The locations of the ROIs were defined with similar geometrical configurations in order to neglect radiative contribution on the sensor radiance, due to the viewing and illumination angles between the ROIs of each image. The ROIs were also selected close to the AAOT station in order to avoid the impact of horizontal atmospheric variability within the HICO ™ scenes.
For each corrected image by the HICO@CRI algorithm, four mean reflectance values were calculated with respect to the three ROIs obtained for the three 6SV standard aerosol types and for the AERONET inversion products. Figure 6 shows the average water-leaving reflectance retrieved using the AERONET inversion products calculated for each ROI (cf. Fig. 5 ) and used as a benchmark for the assessing of the radiative impact of the aerosol type on the atmospheric correction processing. The retrieval of the water-leaving reflectance was performed for high (ROIgH), medium (ROIbM), and low (ROIrL) reflectance of the water. The noisy reflectance can be attributed to the effect of the signal-to-noise (SNR) ratio of the HICO ™ sensor calculated for low reflectance cases, as reported by Moses et al. (2012) . The negative reflectance values obtained from correction of the HICO ™ image acquired on 12 May 2012 are explained by the limits of accuracy in the radiative transfer simulation for the early morning irradiance case, as shown in Table 1 . In addition, the negative reflectance values on 4 May 2011 are likely due to the loss of accuracy of the simulation Figure 5 . The available HICO ™ images (using channel 11, 462 nm, for blue; 26, 548 nm, for green; 43, 645 nm, for red) show the three regions of interest (ROIs) chosen to evaluate the contribution of the aerosol types over different kind of water in the six available HICO ™ images. The red is for the low, the blue for the medium and the green for the high luminosity of the water body.
results produced by the tri-modal size distribution obtained from CIMEL measurements, as shown in Fig. 2 .
The metric for the accuracy assessment is based on the euclidean distance (ED), which is sensitive to the magnitude of the water-leaving reflectance (Shanmugam and SrinivasaPerumal, 2014) for each HICO ™ channel with central wavelength λ i .
ED(λ
where ρ type w (λ i ) is the retrieved water-leaving reflectance by HICO@CRI algorithm with the continental, maritime and urban aerosol types; ρ phys w (λ i ) with the local microphysical properties of the aerosol as measured by the AAOT site.
In Fig. 7 , ED(λ i ) is reported for the HICO ™ channels centred in the atmospheric windows, in order to highlight the aerosol radiative impact thus avoiding the gas influence during the extinction modelling. Panels on the left show the ED(λ i ) for the image with the minimum available aerosol loading, τ 550 = 0.01, and panels on the right show the results for the maximum, τ 550 = 0.27. The ED highlights that in high aerosol loading conditions (τ 550 = 0.27), the distance between ρ type w (λ i ) and ρ phys w (λ i ) is more evident than in low aerosol loading conditions (τ 550 = 0.01) over the sensor spectral domain if a standard aerosol type is used rather than the locally observed aerosol.
The root mean square error (RMSE) was normalized to the distance between the outer limits (maximum and minimum) of each retrieved water-leaving reflectance. The values of the normalized RMSE (NRMSE) were calculated in order to assess the accuracy of the retrieved water leaving reflectance by each 6SV standard aerosol type with respect to the measured aerosol.
To complete the evaluation of the hyperspectral similarity between the water-leaving reflectance obtained from HICO@CRI with standard types and locally observed aerosol, the metric introduced in Granahan and Sweet (2001) was considered. The difference between two hyperspectral vectors is expressed by d e taking into account the brightness of the two spectra andr 2 accounting for the spectral behaviour (Granahan and Sweet, 2001 )
where N c are the HICO ™ channels into atmospheric window. The spectral similarity value (SSV, SSV ∈ [0, √ 2]) evaluates the similarity of both the brightness and spectral behaviour of the retrieved hyperspectral reflectance with standard and observed aerosol (Shanmugam and SrinivasaPerumal, 2014; Granahan and Sweet, 2001) . Figure 8 shows the NRMSE and SSV vs. the τ 550 for the three ROIs, where the water-leaving reflectance accuracy decreases with growing aerosol loading, particularly when an unsuitable aerosol type is selected. The aerosol loading slowly changes the accuracy of the atmospheric correction results if an aerosol type, with similar optical properties as the AERONET inversion products, is considered (Fig. 3) . In the case study, the continental aerosol best satisfies this condition, whereas the accuracy decreases more rapidly if the urban aerosol is selected.
During acquisition periods, aerosol was mainly distributed in the fine mode, showing a non negligible imaginary part of the refractive index, with the exception of 4 May 2011 and 25 April 2013. The NRMSE and the SSV for the 4 May 2011 were higher than the other ones (Fig. 8) . The imaginary part of the refractive index is only negligible for the aerosol type during the HICO ™ acquisition of 4 May 2011, as shown in Fig. 2 . Thus, the results show that the radiative impact of aerosol absorption plays a crucial role in the atmospheric correction of hyperspectral data over water target in coastal environment as reported in IOCCG (2010) for multispectral data. On the other hand, Fig. 2 shows a size distribution of 25 April 2013 with a predominance in coarse mode. The aerosol size weakly affects the accuracy of the retrieved water-leaving reflectance, as shown in Fig. 8 in the case study of 25 April 2013 defined with a high aerosol loading, τ 550 = 0.27.
Results of these case studies highlight how the waterleaving reflectance accuracy decreases for a higher aerosol loading, particularly when the atmospheric correction is performed by the HICO@CRI algorithm using the aerosol standard type which does not represent the local aerosol. The Atmos. Meas. Tech., 8, 1593-1604, 2015 www. water-leaving reflectance obtained using the AERONET inversion products is mainly correlated to the reflectance obtained using the continental aerosol type, independently from the luminosity of the ROIs, as highlighted in Fig. 8 . This is also observed for 4 May 2011, although the water-leaving reflectance obtained from the HICO@CRI with AERONET inversion products for the ROIrL shows very low values. In addition, the tri-modal size distribution observed on 4 May 2011 could be related to the spike shown in Fig. 8 for τ 550 = 0.08. This result suggests that the sensitivity of the 6SV to a tri-modal size distribution needs to be investigated in more depth when an atmospheric correction of hyperspectral data over water surface is performed.
Discussion and conclusions
This study has highlighted the impact of the microphysical properties of aerosol (i.e. size distribution and refractive index) on the accuracy of the results of the physically based atmospheric correction of hyperspectral data acquired over coastal water with clear improvement on the simplification typical of the aerosol standard types (Zibordi et al., 2009a; Gordon and Wang, 1994) . The HICO@CRI (HICO ™ ATmospherically Corrected Reflectance Image) atmospheric correction algorithm was developed and applied to HICO ™ images acquired in the northern Mediterranean basin, when inversion products of the AAOT (Acqua Alta Oceanographic Tower) site were available. The analysis was performed for the HICO ™ images acquired for different values of the aerosol loading (τ 550 < 0.3) and with clear-sky conditions. The results obtained from the HICO@CRI algorithm using the local microphysical properties of the aerosol were validated with in situ measurements available from oceanographic campaigns. These results using the local measured aerosol were used as a benchmark to evaluate the accuracy of the hyperspectral water-leaving reflectance, ρ w , obtained from the atmospheric correction performed using the 6SV standard aerosol types. Results show that the accuracy of the retrieved water-leaving reflectance depends on the aerosol microphysical properties used in the atmospheric correction processing, as well as on the influence of the aerosol loading. The NRMSE and the SSV were chosen to perform the accuracy assessment of the water-leaving reflectance obtained by atmospheric correction with aerosol standard type with respect to the AAOT aerosol microphysical properties. The NRMSE and SSV quantify the decrease in the accuracy of the retrieved ρ w with increasing aerosol loading if standard aerosol types are used instead of the local observed aerosol (Fig. 8) . In the case study, the results suggest that the local observed aerosol during the HICO ™ acquisition times is always better represented by continental type, maintaining a high accuracy as highlighted by the low value of the Figure 8 . The NRMSE and SSV of the water-leaving reflectance retrieved with the aerosol types (urban, continental, and maritime) with respect to the AERONET inversion products, calculated for the ROIs. Starting from the left, the calculation for the low, medium and high reflectance water types.
SSV and NRMSE with an increased aerosol loading (Fig. 8) .
The increased aerosol loading decreases the ρ w accuracy except in coarse mode predominance (25 April 2013 in Fig. 2 ). This is when the accuracy seems to be slightly affected by the aerosol type, probably as a results of the lower effect of size distribution compared to the refractive index effect on the simulation of the radiative field. The lowest accuracy values were obtained with the urban aerosol because the radiative quantities in Eqs.
(1) and (2) depend on the higher contribution of the absorption of this aerosol type, as also widely demonstrated for multispectral data (IOCCG, 2010) . This situation is confirmed by the optical properties of the urban aerosol presented in Fig. 3 . Finally, the NRMSE and SSV quantify how the choice of an unsuitable standard aerosol type affects the hyperspectral water-leaving reflectance over this study area following up the limit detected by Zibordi et al. (2006 Zibordi et al. ( , 2009a of standard aerosol types to well represent the local microphysical properties.
We believe that the results of this work are useful for applying atmospheric correction algorithms to hyperspectral remote sensing data when used in water quality applications in coastal environments. Indeed, the highest possible accuracy of the hyperspectral water-leaving reflectance improves the detection capability of the dedicated algorithms for the retrieval of water quality parameters (Chlorophyll, Total Suspended Matter and Colored Dissolved Organic Matter) (Gitelson et al., 2011; Lee et al., 2007; Zibordi et al., 2011; Giardino et al., 2010; Guanter et al., 2010; Brando and Dekker, 2003) . For example, if the chl a concentration is estimated according to band-ratio, which makes use of a red (680 nm) to very near-infrared (700 nm) wavelengths, the advantage of having a signal on a contiguous spectrum relies on the possibility of defining the algorithm according to the shift of the near-infrared reflectance band to be used (Schalles, 2006) . In case of spectral inversion procedures, a hyperspectral data set can facilitate a physics-based modelling approach to quantitatively retrieve multiple constituents of interest (e.g. SPM (suspended particulate matter), CDOM (coloured dissolved organic matter), and phytoplankton functional types) (Devred et al. (2013) and references therein). Overall, hyperspectral remote sensing provides essential data to de-convolve the remotely sensed signal and, thence, to detect the water components that could be missed by multispectral instruments.
